Abstract: Glycosaminoglycans (GAG) such as hyaluronan (HA) or chondroitin/dermatan sulfate (CS/DS) occur in many connective tissues, for instance, in bone, cartilage and skin. Due to their significant water-binding capacity, GAG are essential for the biomechanical properties of these tissues. However, there is also increasing evidence that the sulfation of GAG does not occur at random, but a "sulfation code" exists that mediates the physiological functions of GAG. Thus, the biological properties of these biomacromolecules are strongly influenced by the degree of sulfation (ds) and the sulfate group distribution along the polymer. Therefore, certain GAG might also have interesting pharmacological properties. It is, thus, commonly accepted that GAG represent promising biomaterials in the field of tissue engineering as well as to design new bioactive materials for tissue repair and reconstruction. In this review we will focus on chemically sulfated GAG and provide a survey of these compounds on four different levels. First, we will provide an overview on chemical functionalization strategies of naturally occurring HA and CS/DS with special emphasis on regioselective methods to introduce a defined number of sulfate residues into the carbohydrate backbone. Second, chemical and biochemical methods to characterize the synthesized compounds will be introduced with the focus on methods based on nuclear magnetic resonance (NMR) and mass spectrometry (MS). In the third part, we will discuss the interaction of natural and chemically sulfated GAG with proteins and other biomolecules with regulatory functions. Additionally, biological consequences of these interactions regarding healing processes of skin and bone will be presented by discussing selected cell culture experiments. Finally, in vivo effects of GAG as components of artificial extracellular matrices will be discussed.
INTRODUCTION
The "ExtraCellular Matrix" (ECM) is a complex biological structure that occurs in significant amounts in the bodies of all vertebrates. Connective tissues such as skin, bone, cartilage and the intervertebral discs are particularly rich in ECM. There are many (often inflammatory) diseases such as rheumatoid arthritis that affect the structure of the related biopolymers and/or the composition of the ECM [1] . Therefore, recent attempts of "regenerative medicine" [2] are often focused on the treatment of ECM-related diseases and particular attention is normally paid to bone, cartilage, and skin [3] .
Although ECM-related diseases are normally not lifethreatening, they cause immense, long-term costs and are, thus, an extreme burden of the health as well as the social insurance systems in the industrialized countries with high life expectancy. A particularly important problem is the lack *Address correspondence to this author at the Universität Leipzig, Medizinische Fakultät, Institut für Medizinische Physik und Biophysik, Härtelstr. 16-18, D-04107 Leipzig, Germany; Tel: +49-341-9715733; Fax: +49-341-9715709; E-mail: juergen.schiller@medizin.uni-leipzig.de Work. of effective cures: the so far available "standard" treatments are exclusively aimed to reduce the symptoms of the disease but do not address the problem as such. This is caused by two reasons: first, the disease mechanisms are so far largely unknown and, second, methods of early medical diagnosis are not available.
All Authors contributed equally to this
It is surprising to which significant extent the regenerative capacities of the individual tissues vary: while bone is characterized by a reasonable self healing capacity (provided the defect does not exceed a critical size), skin and particularly cartilage have only a limited regeneration potential. This might be caused by the relatively small number of cells in these tissues. As a consequence of this aspect, the organism requires external "help" to overcome damages of the ECM. The transplantation of selected tissue cells or stem cells [4] that can be differentiated into the respective tissue cells represents a promising approach to treat ECM-related diseases. Additionally, there is also increasing interest in improving the long-term stability of implants (such as titanium in dental implants). This requires, on the one hand, attraction of tissue cells and, on the other hand, the reduction of inflammatory processes mediated particularly by granulocytes and macrophages. There is currently increasing evidence that coating of the implant by selected, chemically modified components of the ECM may improve the longterm stabilities of the implants [5] .
This review consists of three major parts. In the first part a coarse description of the architecture of the native ECM will be provided and the native glycosaminoglycans (GAG) and their structural properties discussed. In addition to the native GAG some promising routes to artificial GAG will be discussed. The focus will be on chemically sulfated (more than one sulfate residue per disaccharide unit) GAG because these compounds were recently shown to exhibit considerable modulating effects on cellular metabolisms [6] . In the second part of this review some important methods of GAG characterization will be introduced and their specific advantages and drawbacks discussed. The focus will be here on mass spectrometric (MS) and nuclear magnetic resonance (NMR) spectroscopic techniques because these techniques enable (in these authors opinion) the most detailed characterization. Finally, some physiological roles of chemically modified GAG will be discussed. This particularly concerns their interactions with mediator proteins including biological consequences thereof. Both, in vitro cell culture experiments as well as in vivo animal studies will be discussed.
THE COMPOSITION OF THE NATIVE EX-TRACELLULAR MATRIX
Structurally, ECM is a complex, interlocking meshwork formed by fibrous proteins. In this meshwork proteoglycans in the form of hydrated gels fill the majority of the interstitial space [7] .
Although it is normally neglected, the most abundant constituent of the ECM is water. Water comprises about 80% of the wet weight of the ECM and is very important regarding the nutrition of the ECM cells (they rely exclusively on diffusion processes) and the maintenance of the shape of the tissue [8] . However, a more comprehensive treatise of this important tissue constituent would be worth its own review and is thus outside the scope of this review.
The main fibrous proteins in the ECM are collagens (the discussion of which is outside the scope of this review) contributing significantly to the integrity and mechanical properties of various tissues such as bone, cartilage, tendon, and skin [9] . Further fibrous proteins of the ECM include elastin, fibronection, and laminin. Proteoglycan consists of a core protein to which one or more sulfated GAG chains are covalently attached via an oligosaccharide linker. The GAG chains on the core protein are unbranched polysaccharides which can be further classified into sulfated (chondroitin sulfate (CS), dermatan sulfate (DS), keratan sulfate (KS), heparan sulfate (HS) and heparin (HE)) and non-sulfated GAG (hyaluronan (HA)). These molecules on which we will focus in this review are extremely hydrophilic macromolecules able to adopt highly extended conformations that are essential for hydrogel formation.
GLYCOSAMINOGLYCANS (GAG)
The focus of this review is on the role, the synthesis and the structural characterization of chemically modified GAG, in particular on strongly sulfated GAG derivatives that occur only to a very minor extent in biological tissues [10] . However, such compounds experience considerable attention since the discovery of the "sulfation code" [11] . This term implies that specific GAG do not exclusively possess structural relevance but do also directly affect the metabolism of different cells that are involved -among others -in the tissue regeneration process (e.g. fibroblasts, chondrocytes, etc.) [12] and the autoimmune response (e.g. macrophages, neutrophils or dendritic cells) [13] . Finally, there is also increasing evidence that GAG/PG are involved in cancer growth and progression [14, 15] . However, before these aspects will be discussed in more detail, some basic structural aspects of the natural GAG have to be shortly discussed.
Chemical Structures of Native GAG
GAG are natural, negatively charged unbranched heteropolysaccharides composed of disaccharide repeating units. Normally, the disaccharide unit is formed from D-glucuronic acid (GlcA) or L-iduronic acid (IdoA) (only keratan sulfate (KS) has a galactose instead of an uronic acid moiety) linked to a D-N-acetylglucosamine (GlcNAc) or D-N-acetylgalactosamine (GalNAc) residue (Fig. 1) .
HA is the only non-sulfated GAG formed from repeating disaccharide units of D-N-acetylglucosamine (GlcNAc) and D-glucuronic acid (GlcA) linked by alternating -1 3 and -1 4 glycosidic bonds. All the other GAG are modified through post-biosynthetic modifications, such as the addition of O-sulfate (sulfuric acid half-ester) groups, C5-epimerization to form IdoA residues, and de-N-acetylation to produce GlcN-sulfate residues that are present in heparin [16, 17] . These modifications often play a key role in a wide variety of biological and pharmacological processes but a more detailed discussion of these aspects is beyond the scope of this review.
HA is widely used in medicine and cosmetics because it is capable of binding huge amounts of water [18] . HA (in dependence on the biological source) may possess extremely high molecular weights: for instance, the molecular weight of HA from articular cartilage and healthy joint (synovial) fluid is about 10 7 Dalton [19] , while the molecular weights of the residual GAG are much smaller. At physiological pH (around 7.4), the majority of the carboxyl groups is deprotonated and, therefore, HA (pK 3.2) is negatively charged. To indicate all the different charge states, "hyaluronan" is the most commonly used term instead of "hyaluronic acid" (free acid) and "hyaluronate" (salt form).
KS is less abundant in the ECM compared to CS or dermatan sulfate (DS) [20] . Consequently, KS is commercially available (if at all) only at high prices and this additionally aggravates potential applications of this GAG. The repeating disaccharide unit of KS [Gal ( 1 4) GlcNAc ( 1 3)] contains a galactose instead of an uronic acid residue and the glycosidic linkages are reversed in comparison to HA and CS/DS (Fig. 1) . Sulfate esters are normally present at the C-6 of one or both monosaccharide units of KS but only rarely at C-4 [21] . The molecular weight of KS ranges between 4 and 19 kDa [22] .
CS comprise the disaccharide unit [GlcA ( 1 3) GalNAc ( 1 4)] variously sulfated in different positions of the hexosamine unit and/or the uronic acid. The regular disac-charide sequence of chondroitin-4-sulfate (CS A) is sulfated in position C-4 of the GalNAc unit, while chondroitin-6-sulfate (CS C) is sulfated in position C-6 of GalNAc. Disaccharides with varying numbers and positions of the sulfate groups can be located, in different moieties, along the polysaccharide chains, such as the disulfated disaccharides in which two sulfate groups are O-linked in position C-2 of GlcA and C-6 of GalNAc (chondroitin-2,6-sulfate, CS D) or in position C-4 and C-6 of GalNAc (chondroitin-4,6-sulfate, CS E) [23] . Therefore, the reader should note that no isomeric pure CS is available from biological materials -even if some suppliers claim that their products have a defined sulfation pattern. Compared to HA, the molecular weights of both, native CS and DS, are significantly lower and do not exceed 50 kDa.
In the case of DS, further enzymatic modifications, in particular C-5 epimerization of GlcA to IdoA as well as Osulfation at C-2 of IdoA occur. Therefore, GAG chains of DS feature a prevailing disaccharide unit [IdoA ( 1 3) GalNAc ( 1 4)] sulfated at the C-4 position of GalNAc with a minor concentration of disulfated disaccharides sulfated in position C-4 of GalNAc and C-2 of the IdoA unit (not shown in Fig 1) [23] . These heterogeneous structures are responsible for the different and more specialized functions of DS. One important aspect related to those GAG is the "heparin contamination crisis": this means that severe adverse events (even deaths) occurred when patients were treated with heparin that contained "oversulfated" CS. This has forced, for instance, the Baxter Healthcare Corp. (as well as many other companies) to recall many preparations of contaminated heparin [24] and significantly enhanced the interest in detailed heparin analysis [25] to monitor the presence of harmful components [26] . Not least, this is a convincing proof of the pharmacological activities of GAG [27] .
Furthermore, it is known that the insertion of IdoA residues imparts conformational flexibility to the DS chain altering the shape and spatial orientation of the sulfate residues, endowing the chain with a higher negative charge density than the GlcA. Although the principles of the biosynthetic process have not yet been fully elucidated [21] , it is well known that this process results in the generation of highly modified oligosaccharide domains separated by regions of relatively low-degree structural modifications within the polymer chain. Thus, the DS chain has a hybrid copolymeric structure consisting of low modified (CS) and highly modified (DS) domains [28] . This aspect is important because these structural differences implicate different affinities to proteins [29] . The IdoA-containing units are often sulfated at C-4 of the GalNAc residue, while sulfation at C-6 is frequently associated with GlcA-containing disaccharides. To our knowledge 24 different CS/DS disaccharide repeating units have been identified so far [30] .
HE and HS possess a distinctly different repeating disaccharide structure compared with the previous GAG. Both high-sulfated GAG possess variably sulfated disaccharide repeating units. In HE, the most common disaccharide repeating unit is based on a [IdoA ( 1 4) GlcNAc ( 1 4)] unit where the C-2 position of IdoA and the C-6 position of GlcNAc are sulfated and in addition the N-acetyl group of GlcNAc is replaced by a N-sulfate moiety (Fig. 1) . HS is mainly characterized by a [GlcA(( 1 4) GlcNAc ( 1 4)] repeating unit sulfated at C-6 position of GlcNAc. Up to 50% of GlcA can be replaced by IdoA and 40-60% of the GlcNAc units can be replaced by GlcNS sugars. This is the reason why the HS structure is often depicted as a tetrasaccharide unit as shown in (Fig. 1) . It is therefore also obvious that HE is not synonymous with HS as sometimes stated in older literature. Both compounds have been shown to differ in their degree of sulfation, with HE being stronger negatively charged and displaying higher O-and particularly Nsulfation than HS. Most important, HE has the highest charge density of any known biological macromolecule, while HS is generally less sulfated and possesses lower IdoA contents. Both, HE and HS are polydisperse macromolecules with broad molecular weight distributions and average molecular weights in the range of 30 kDa for the native polymers as well as 12-15 kDa for the most commercial HE preparations. HE and HS exhibit diverse biological functions and participate in a large number of interactions with other effective extracellular and cellular membranes. However, as HE and HS are less abundant in the ECM in comparison to DS/CS, we will not discuss HE and HA here to a major extent. This particular holds as many excellent reviews about the roles of heparin and heparan sulfate are available [31] . Anyway, the charge density of GAG is very important regarding the biological activity. Therefore, some synthetic routes to chemically "over"-sulfated GAG will be discussed later on in this review.
Biosynthesis of GAG
In eukaryotic cells HA synthesis occurs at the inner surface of the plasma membrane catalyzed by a class of integral membrane proteins, the hyaluronan synthases (HAS1, HAS2, HAS3). These enzymes which contain both GlcNAc ( -1 4) and GlcA ( -1 3) transferase activities, elongate HA at its reducing end by repeatedly adding nucleotide(uridinediphosphate (UDP))-activated GlcA and UDP-GlcNAc to the nascent polysaccharide [32] . The overall reaction is shown in (Fig. 2) . Finally the synthesized HA is extruded through the plasma membrane into the extracellular space. The biosynthesis process is illustrated in (Fig. 3) . A comparable pathway to produce HA is used by bacteria leading to HA with identical structural features. Sulfated GAG commonly occur as components of proteoglycans consisting of a core protein with one or more covalently attached GAG. The biosynthesis of both, the galactosaminoglycan-type GAG (CS, DS) and the high-sulfated HS/HE-type GAG, occurs in the Golgi apparatus of the specific cells and follows a similar pathway [33] [34] [35] [36] . Basically, three major synthesis steps can be distinguished, namely the formation of a linkage region followed by polymerization to generate the polysaccharide chain and finally the modification -including sulfation -of the polymeric chain. The linkage region which is common to most of the sulfated GAG is synthesized by the glycosidic coupling of a xylose monosaccharide to a specific serine amino acid residue on the core protein chain followed by the addition of two galactoses and one GlcA. Specific glycosyltransferases catalyse these reactions by adding the individual sugars from their respective uridine diphosphate nucleotides.
Subsequent modification of the Xyl-Gal-Gal-GlcA linkage region tetrasaccharide determines whether a galactosaminoglycan-type GAG or a HS/HE-type GAG is formed. Addition of a GalNAc promotes the formation of galactosaminoglycan-type GAG, whereas HS/HE-type GAG are preferentially generated if GlcNAc is added to the linkage region (Fig. 4) . Subsequently, chain elongation occurs by alternating addition of the corresponding UDPmonosaccharides (GlcA/GalNAc in the case of galactosaminoglycan-type GAG and GlcA/GlcNAc for HS/HE-type GAG) to the non-reducing end of the receptor. Various glycosyltransferases are involved in these processes. While elongating, the formed GAG chain is modified by a set of different enzymes generating the typical structural feature of the specific GAG [37, 38] . Among these enzymes are Ndeacetylase, N-sulfotransferase (a bifunctional enzyme that cleaves N-acetyl groups from GlcNAc and subsequently sulfates the N-position), different epimerases to transform DGlcA into L-IdoA, and finally various sulfotransferases performing O-sulfation at the different positions of the sugar ring.
There are three different KS types distinguished by the linkage of the oligosaccharides: KS I is N-linked via a high mannose-type oligosaccharide linker to an asparagine residue of the protein. Both KS II and KS III are O-linked with KS linkages identical to that of mucin core structure and linked through GalNAc to serine or threonine residue whereas KS III is linked to a serine or threonine residue of the protein via 2-O-mannose [39, 40] . In analogy to the other sulfated GAG, elongation of the KS polymer occurs through glycosyltransferase-mediated addition of Gal and GlcNAc to the non-reducing terminus of the oligosaccharide followed by sulfation by different sulfotransferases.
SYNTHETIC STRATEGIES TO (OVER)SULFATED GLYCOSAMINOGLYCANS

Conventional Sulfation Procedures
Sulfation is a well-known reaction to introduce strongly anionic, biologically active sulfuric acid half-ester ("sulfate") groups into polysaccharides. First attempts to sulfate GAG have been reported already in the 1930s and 1940s [41, 42] . In most of these early attempts SO 2 /SO 3 mixtures, sulfuric acid or chlorosulfonic acid were used as sulfating agents resulting in a considerable (but unwanted) depolymerization of the used GAG [43] [44] [45] . Therefore, in more recent attempts, complexes of SO 3 with organic amines (trimethylamine, triethylamine, pyridine) [46] [47] [48] or amides (DMF) [49] are the reagents of choice. The various SO 3 complexes are relatively mild reagents causing less polymer degradation. Due to their different reactivities in aprotic solvents, these reagents allow the synthesis of GAG derivatives with a gradually adjusted degree of sulfation (ds) in the range between 0 < ds 4 with regard to the used starting GAG [50,
Concerning the controlled synthesis of HA or CS derivatives with low or medium degree of sulfation (ds 2), SO 3 -pyridine has been recently identified as the most suitable sulfating agent, whereas SO 3 -DMF can be preferentially used for the preparation of highly sulfated GAG (ds 2, see Fig. 5 ) [52] .
The sulfation reactions are usually performed in aprotic solvents such as dimethylformamide (DMF) at room temperature. To increase the solubility of the starting polymers in DMF and by this means to accomplish homogeneous reaction conditions, GAG were transferred into their corresponding tetrabutyl ammonium (TBA) salts before sulfation. Studies on the regioselectivity of these sulfation reactions using 13 C NMR spectroscopy revealed a preferred sulfation of the primary hydroxy group at the C-6' position of HA [54, 52] . It was found that low-sulfated HA with a ds 1 are exclusively sulfated at the primary hydroxy group (see Fig. 6 ). In HA sulfates with higher degrees of sulfation (ds > 1) the order of sulfation was recently examined by more detailed NMR studies to be in the order C-6' >> C-2 / C-3 > C-4' [55] . Since native, commercially available CS are usually mixtures of chondroitin-4-sulfate (C-4'-sulfated) and chondroitin-6-sulfate (C-6'-sulfated), further sulfation attempts can not result in products that are exclusively sulfated at C-6. However, also in this case, NMR studies have evidenced a favored sulfation of the primary hydroxy group of CS [55] .
Similar results regarding the regioselectivity have been reported for the sulfation of DS (Fig. 7) . Using SO 3 -trimethylamine in DMF as sulfating agent substitution occurred initially at the primary hydroxyl group at C-6' of the N-acetyl-galactosamine-4-sulfate unit to produce the 4,6-disulfate. After achieving a substitution level higher than 50%, sulfation took place with equal yields at C-2 and C-3 of the iduronic acid residue [56] .
Various reports have also been published where highsulfated GAG such as HE und HS were obtained using both, chlorosulfonic acid [45] and SO 3 complexes [57, 58] as sulfating agents. A hog-mucosal HE which was desulfated and N-resulfated with SO 3 -pyridine in DMF gave a heparin derivative with the following order of reactivity of the hydroxyl groups: C-6-OH (GlcN) » C-2-OH-2 (IdoA) > other available hydroxyl groups (HO-3 in GlcNAc, HO-3 in IdoA, and HO-2 or HO-3 in GlcA) [58] . Obviously, the primary OHgroup is preferentially sulfated also in the case of those much more complex GAG. Considering the order of reactivity of the secondary OH-groups in HS, a preferred sulfation of the HO-2 position of GlcA compared to the other secondary OHpositions was found by performing sulfation with SO 3 -triethylamine [59] .
The mentioned SO 3 complexes have also been used to introduce sulfate groups into different GAG derivatives. HAbased hydrogels prepared by crosslinking HA with different diamines, such as 1,3-diaminopropane and 1,6-diamino hexane, have been subsequently sulfated to generate stimulisensitive materials for biomedical applications [60] . Recently the sulfation of previously carboxymethylated HA was described [61] . Both carboxymethylation and sulfation were found to take place preferentially at the primary hydroxyl groups of HA (Fig. 8) . The introduced carboxymethyl groups are potential "anchor" groups usable to immobilize marker molecules, bioactive agents or substrate adhesion promoting groups to HA.
Regioselective Sulfation Procedures for GAG
Desulfation Reactions
Ever since it has been known that the distribution of sulfate groups over the anhydrosugar repeating unit of GAG may have a strong influence on their biological properties, control of regioselectivity has become an important feature in GAG modification. As shown in the previous section, conventional sulfation of GAG leads to the preferred substitution of the primary hydroxyl groups at the C-6' position of the glycosamine sugars largely irrespective of the epimeric sugar configuration and the used sulfation conditions. Synthetic routes, therefore, directing sulfate groups into other positions of the GAG substituting the secondary hydroxyl groups are of special interest. Due to the lower reactivity of . Sulfation of HA using complexes of SO 3 with amines and amides, respectively, as sulfating agents. Further details are available in [53] .
Fig. (6).
13 C-NMR spectra of native HA (upper spectrum) and HA sulfates (HA-S) with ds values of 1.0 and 2.8 (lower spectra), respectively (reprinted in modified form with permission from [52] . those positions towards esterifications and the polyfunctional character of all GAG, this is a real challenge for organic chemists.
A common reaction leading to polysaccharides substituted at their secondary OH-groups is O-desulfation. Normally, sulfated sugars can be desulfated in the presence of acid [62] or alkali [63] , by heating of their pyridinium salts HA-S (ds = 2.8)
in polar aprotic solvents (termed as solvolytic desulfation) [64] or by treatment with silylating reagents [65] . Among these treatments only the two latter ones allow desulfation without remarkable depolymerization of the GAG. A variety of methods has been established for the N-desulfation of HE or HS (see [66] for a more detailed review). As a relatively mild procedure only slightly affecting O-sulfate groups and glycosidic bonds, solvolytic desulfation can be achieved by treating the pyridinium salts of the GAG with dimethyl sulfoxide containing 5% of water or methanol under elevated temperatures [67] .
Besides N-desulfation mainly two types of reactions resulting in regioselective O-desulfations have been explored for high-sulfated GAG. Treatment of HE under defined alkaline conditions leads to a 2,3-desulfated derivative that is 2-O desulfated on the -L-iduronic acid residue and 3-O desulfated at the D-N-glucosamine unit [63, 68] . Whereas the C-6-sulfate of the N-hexosamine remains widely unchanged during the latter reaction, a regioselective C-6-desulfation can be achieved by treating the pyridinium salts of HE or HS with silyl acetamides such as N,O-bis(trimethylsilyl) acetamide (BTSA) and N-methyl-N-(trimethylsilyl)-trifluoroacetamide (MTSTFA) (Fig. 9) [69, 70] . Despite the occurrence of C-2-desulfation to a smaller extent, the reaction is highly regioselective. O-Desulfation reactions have also been reported for the moderately-sulfated CS, DS, and KS [65, 71, 72] . Using silyl amide derivatives as already introduced for high-sulfated GAG, the O-desulfation was regioselective regarding the C-6'-OSO 3 -position [65] .
For the modulation of the sulfation pattern of GAG, the combination of O-desulfation with O-sulfation represents an interesting approach [51] . This route has been extensively studied for high-sulfated GAG such as HE and HS. After solvolytic desulfation of totally sulfated HE (pig mucosal HE) the order of desulfation of the major residues of heparin GlcNAc and IdoA and of the minor one GlcA was found to be NH-SO 3 
C-3-OSO 3 (GlcA), thus affording HE with similar sulfation patterns but relatively high contents of 3-O-sulfated N-glucosamine units compared to the originally used HE [73] . Under the same reaction conditions, the C-2-SO 3 (GlcA) is desulfated preferentially in comparison to C-3-OSO 3 (GlcA) when completely sulfated HS is investigated [73] .
Using the same sequence of reactions (i. e. high Osulfation followed by O-desulfation with silylamides) also non-sulfated HA and medium sulfated CS and DS have been treated in order to obtain fully C-6' desulfated derivatives that are sulfated exclusively at the secondary C-2, C-3, and C-4' positions [55, 70] . Using both BTSA and MTSTFA to desulfate high-sulfated HA no significant difference concerning the effectiveness of the desulfation reaction was found. HA (pyridinium salt) with a ds = 3.1 was desulfated within 24 h at 60 °C reducing the ds down to 2.3 ( Fig. 10) . 13 C-NMR investigations revealed that after 4 h at 60 °C a partial desulfation of the C-6'-OSO 3 position occurred whereas all other positions remained unchanged. After a reaction time of 24 h the C-6' position was completely desulfated but also the C-4'-OSO 3 position already showed partly desulfation. Thus, it can be concluded that the desulfation of HA proceeds regioselectively at the primary hydroxy group but a complete desulfation of this position without also desulfating secondary OH-groups can be hardly performed [55] .
Regioselective Sulfations Using Protective Groups
Another approach to GAG with sulfation pattern differing from the one obtained by conventional sulfation of GAG with SO 3 complexes consists in the introduction of protecting groups prior to sulfation. It was recently found that the benzoyl ester group is most suitable to protect the primary hydroxy group at C-6' of the HA backbone from a subsequent sulfation, because it is sterically demanding enough to allow regioselective introduction into HA and stable under the acidic conditions of sulfation [74] . After sulfation, the protecting group can easily be cleaved under basic conditions leading to high-sulfated HA derivatives with ds values between 2 and 3 ( Fig. 11) . As proven by 13 C-NMR studies, the primary OH-group in these HA sulfates remains completely unsulfated. The same reaction sequence used for native CS (DS S = 0.9) with a sulfate group distribution of 70% at C-4' and 30% at C-6' results in a product with similar ds but a considerably lower regioselectivity. In this case about 60% of the primary OH-groups are sulfated. Most likely the sterical hindrance of C-6' by C-4' which has an axial orientation in CS compared to the equatorial one in HA hampers 
Carboxymethyl HA R = CH 2 -COONa, H (ds = 0.3 -0.5) Fig. (8) . Introduction of carboxymethyl groups into HA. 
HA-2,3,4-sulfate (ds = 2.0 -2.6)
R' = SO 3 Me, H Me = Na, K R = SO 3 Na, H Fig. (11) . Synthesis of high-sulfated HA with free primary hydroxyl groups using benzoyl protecting groups.
complete benzoylation of the primary OH-group [55] . Exchange of the benzoyl ester by a less bulky acetyl protecting group gave oversulfated CS with ds values of about 2 and a sulfate group content of only about 30% at the primary hydroxyl group which corresponds to the sulfation degree of the starting CS and confirms the regioselctivity of the sulfation under these conditions even for CS.
METHODS OF GAG CHARACTERIZATION
Methods of qualitative and quantitative characterization of native and chemically modified GAG will be discussed in the next few paragraphs. Since some important methods (such as mass spectrometry) cannot be applied to high molecular mass polysaccharides, a differentiation between the intact polymers and smaller carbohydrates subsequent to (enzymatic) degradation will be made. Accordingly, selected methods of GAG degradation will be also shortly discussed and a short sketch of the analytical strategies is illustrated in (Fig. 12) .
According to our matter of expertise, we will focus on NMR spectroscopic and mass spectrometric (MS) methods of GAG characterization although some additional techniques will be also introduced. This particularly holds for typical colorimetric assays that are the methods of choice for quantitative investigations but provide only little structural information.
Methods Suitable for Polysaccharide Characterization
If a solution of an unknown GAG has to be characterized, there are particularly four different parameters of interest:
The concentration.
2.
The average molecular weight. 3.
The width of the mass distribution (i.e. the determination of the polydispersity of the GAG).
4.
The structure of the polymer repeating unit and, of course, to which extent there are alterations in the repeating units. We will show here that (4) is the most challenging task: although a coarse characterization can be made by using the native polymers and spectroscopic techniques such as NMR, a defined degradation into the repeating units is normally necessary for a more detailed information. Unfortunately, enzymes that cleave GAG selectively are inhibited by an excess of charged functional groups such as sulfate [53] . This is a very significant problem.
Concentration Determination of GAG by Optical Methods (Characteristic Dyes)
Alcian Blue (a cationic dye) is often used in histological studies to monitor the distribution of GAG (that are strongly negatively charged and thus bind to the positively charged dye) within tissue samples such as cartilage [75] . This ap-proach may also be used to determine the GAG concentrations in solutions or selected biofluids such as urine [76] : the GAG are precipitated by the binding to the dye and the precipitated crystals can be afterwards re-dissolved by using a concentrated solution of urea or -more efficiently -guanidinium hydrochloride [76] . Finally, the absorption of the released Alcian Blue (as a measure of the GAG concentration) is determined by spectrophotometry.
Although this assay is widely used, one should be aware of its disadvantages: in particular, the determined color intensity is influenced by (a) the molecular weight of the stained GAG (i.e. small oligosaccharides are determined less efficiently (if at all) in comparison to the polymers). Additionally, (b) the charge state of the GAG and, thus, (c) the ion content of the sample do also influence the results [77] . This indicates that CS, for instance, is determined with a higher sensitivity than HA that lacks the strongly acidic sulfate residues. These problems do not only hold for Alcian Blue but as well for dimethylene blue [78] that is used for comparable purposes.
Due to these problems, the carbazole method introduced 50 years ago by Bitter and Muir is even nowadays widely used [79] . Here, the GAG of interest are fragmented by treatment with (semi) concentrated H 2 SO 4 into free glucuronic acid (one monosaccharide unit of HA and CS) that is subsequently determined by the carbazole color reaction using the intense absorption at 532 nm [79] . However, even if this assay can be regarded as the "gold" standard of quantitative GAG determination, its application is aggravated by two drawbacks: first, a differentiation between the individual GAG (e.g. CS and HA) is not possible and only the total amount can be determined, while KS (due to the lack of the uronic acid) cannot be determined. Second, the carbazole assay is very sensitive to higher salt concentrations and previous desalting of the sample is normally necessary. From these data it is obvious that GAG determination is even nowadays a challenging task. A more comprehensive review of quantitative GAG determinations has been recently published [80] .
Chromatographic and Electrophoretic Methods
High performance liquid chromatography (HPLC) is one of the most powerful tools to separate high molecular CS/DS as well as HA and this important topic has been previously comprehensively reviewed [81] . The chromatographic separation of high-mass GAG is normally achieved by differences of the molecular weights and only to a lesser extent by the presence of characteristic functional groups. Therefore, determination of the mass by chromatography and the determination of the sulfate content by means of elementary analysis is a common approach to characterize (oversulfated) GAG [53] . The current focus is unequivocally on heparin due to the above discussed contamination problem [25] and its role in many signaling pathways [82] . Here, it has been recently shown that the combination between strong anion exchange-(SAX)-HPLC in combination with GAG detection by circular dichroism (CD) is a powerful method to separate highly acidic polysaccharides [83] . Silica modified by -NH 2 residues is also a useful stationary phase to separate conventional and oversulfated GAG from human blood, whereby detection limits of the order of 20 ng could be achieved [84] .
GAG separation is traditionally performed by gel permeation chromatography (GPC) -often also known as "size exclusion chromatography" (SEC) [85] . It is a drawback of GPC that GAG standards with defined molecular weights are required because GPC (at least if the refraction index or the UV absorption is determined) is a relative method. Another problem of GPC is coming from structural aspects of GAG [86] : the size of HA, for instance, changes in dependence on the pH and/or the salt content because screening of the charges of the carboxylate groups results in the transition from a linear into a coiled molecule. This is one reason why chromatographic methods are often combined with methods of light scattering (LS) that help to evaluate the GAG structures in solution. Further reading is available in [87] .
In addition to GPC, electrophoretic methods may also be used due to the charge of the native GAG [88] . As the carboxylate and the sulfate residues of HA and CS provide very different charge densities, pH-dependent separation of both GAG can be easily achieved. The most important application of electrophoresis is the determination of impurities (oversulfated CS or DS) in heparin [89] . Here, the fragmentation of heparin by nitrous acid into smaller oligosaccharides is applied: this approach does only work in the case of heparin but not in the case of other GAG. Therefore, a differentiation can be made by this simple approach. Fig. (12) . Survey of analytical strategies to characterize native and chemically modified GAG. The indicated methods will be discussed in the subsequent paragraphs. It must be emphasized that oversulfated GAG (as well as the majority of chemically modified GAG) cannot be enzymatically converted into oligosaccharides. This is a significant problem regarding GAG characterization. 
Infrared and Raman Spectroscopy
Although the sulfate group is strongly polarized and should be thus easily detectable by means of infrared (IR) spectroscopy, there is to our best knowledge only a single publication available where IR was used to differentiate differently sulfated GAG [90] . Therefore, IR as well as Raman are less suitable to monitor sulfated GAG. In contrast, IR is a powerful method to determine the water binding of polysaccharides [91] .
NMR Techniques
NMR may be divided into studies of solutions (high resolution NMR) and solid-state NMR. We will focus here on investigations in solution but will include applications of "HR-MAS" (high resolution magic angle spinning) NMR. Using HR-MAS, no high power decoupling (as in the case of solid state NMR) is used, but the sample is rotated in the "magic angle" (54.74 °) that helps to reduce the line-widths. However, the same pulse sequences as in liquid state NMR are used [92] . Although NMR enables the analysis of polymers, the molecular weight of the analyte has a significant impact on the spectral quality: a high mass reduces the "mobility" of the analyte and is, thus, accompanied by severe line broadening because the relaxation times are shortened [93] . Therefore, NMR may be considered as a kind of a "mobility filter". For instance, if the NMR spectra of aqueous solutions of high and low mass HA at the same concentrations are acquired, resonances of much lower intensities will be detected in the case of the high mass HA since all the resonances are much broader. This particularly holds for 1 H, the most sensitive nucleus and is one reason why polymers are normally characterized by 13 C and only to a lesser extent by 1 H NMR [94] .
Native GAG, particularly HA and CS, can be easily differentiated by 13 C NMR [95] . As the HA polymer repeat unit contains 14 different carbon atoms, 14 different 13 C resonances can be observed and assigned [96] . Unfortunately, however, the introduction of additional functional groups such as sulfate reduces the frequency dispersion making assignments much more difficult. This is the most important reason, why structural studies are normally performed subsequent to the enzymatic degradation of the native GAG. This approach will be discussed below in more detail. Selected 13 C NMR spectra of HA samples differing in the degree of sulfation have been already shown in (Fig. 6 ).
There are also some NMR studies on the GAG in biological tissues by HR MAS NMR [93] . GAG are much easier to detect by HR MAS NMR in comparison to the collagen moiety because the GAG are much stronger hydrated and have, thus, a higher mobility in comparison to the poorly hydrated collagen [97] .
Mass Spectrometry
Unfortunately, there are many difficulties regarding the MS analysis of high mass polysaccharides by MS and the most important problems shall be shortly mentioned:
1.
It is extremely difficult to transfer a polymeric compound into the gas phase without pronounced decomposition. This particularly holds for highly polar sugars.
2.
The investigation of chemically modified (sulfate or phosphate residues) carbohydrates is even more difficult because the introduction of sulfate increases the polarity. Additionally, there is a high probability to loose such polar residues in the gas phase.
3.
While proteins, for instance, possess a distinct molecular weight, all polysaccharides are characterized by a mass distribution. This reduces the sensitivity to detect a certain sugar molecule.
4.
Even if such a high molecular weight carbohydrate would be detectable by MS, the corresponding peak would be significantly broadened (caused by the number of exchangeable groups and, thus, the high variability of charge compensations) and, thus, less informative. This has been illustrated by using previously purified dextran with a narrow mass distribution [98] . Dextran with about 75 kDa could be successfully detected while heparin, for instance, was only detectable with a MW smaller than about 6 kDa.
From these reasons it is obvious that the attempt to characterize high molecular weight polysaccharides is rather senseless and previous degradation is unequivocally necessary in order to obtain more detailed structural information. This will be outlined in the next chapters.
Analysis of GAG Oligosaccharides
A lot of degradation causing reagents is available for "simple" carbohydrates such as dextrans that contain (beside the glycosidic linkages) no additional functional groups. For instance, semi-diluted HCl may be used to reduce the MW of dextrans. In dependence on the used HCl concentration, the incubation time and the temperature, dextran oligomers with defined masses can be obtained in reasonable yields [99] . However, the situation is much more complex if GAG have to be depolymerized because GAG have a much more complicated structure and possess with the N-acetyl side chain and the sulfate residues two functional groups that are rather sensitive to hydrolysis. Fortunately, there are specific enzymes -hyaluronidase and chondroitinase -available that cleave GAG polysaccharides under generation of defined oligosaccharides. Bacterial hyaluronidases generate a mixture of oligosaccharides (with the hexasaccharide being most abundant), while chondroitinase generates only a single, unsaturated disaccharide [100] .
Unfortunately, this does only hold in the case of the natural GAG, while chemically modified GAG cannot be digested so easily. For instance, it has been shown by using oversulfated GAG [101] as well as phosphorylated GAG [102] that negatively charged functional groups lead to complete inhibition of the degradation-causing enzymes. Although this aspect can be regarded as an advantage because the stability of the GAG under in vivo conditions is prolonged, this is a significant problem regarding GAG analysis and will be, thus, discussed below in more detail.
NMR Spectroscopy
Polymers are characterized by increased line-widths (vide supra) and this is a particular problem regarding applications of 1 H because this nucleus is characterized by a rather small range of chemical shifts (only about 10 ppm). However, 1 H is very sensitive and, thus, 1 H NMR is the method of choice if diluted samples and/or body fluids such as synovial fluids have to be characterized [103] . Fortunately, not all the resonances of e.g. high molecular HA are broadened to the same extent: while the protons of the rigid pyranose residues (the sugar backbone) experience a significant broadening in the polysaccharide, the methyl group of the N-acetyl side chain is by far less affected. This approach is used to determine the state of inflammatory joint diseases that are accompanied by the fragmentation of HA, the most abundant constituent of the joint fluid [104] into smaller oligosaccharides.
The line-widths of the GAG resonances can be significantly reduced by enzymatic digestion: subsequent to digestion with chondroitinase ABC, for instance, the positional isomers, i.e. C-4'-S and C-6'-S can be easily differentiated by their characteristic shift differences [105] . A similar approach enables the differentiation of HE, DS and CS [106] . The spectral patterns of the N-acetyl resonances (between about 2.00 and 2.20 ppm) seem extraordinarily helpful to differentiate the individual sulfated products because they are most sensitively detectable. This has particularly proven regarding the detection of impurities in heparin preparations [26] . The most serious problem is the lack of suitable enzymes to cleave selectively the modified GAG. Accordingly, the majority of the so far available reports are dealing with native GAG.
As it will be outlined in paragraph 5.3 (vide infra), some selected GAG are assumed to play an important role in different physiological processes. Accordingly, the investigation of the interaction of these GAG with selected biomolecules such as growth factors, hormones, cytokines, or chemokines has become of significant interest and these studies are often performed by using NMR [22] . Although the corresponding proteins are normally rather easily available, the access to highly defined oligosaccharides is normally limited. Therefore, NMR data are often complemented with molecular modeling data [107] since computational chemistry is capable of predicting potential binding sites between proteins and GAG. These predictions can be used to focus on the synthesis of selected GAG that are particularly promising and the minimum size of an oligosaccharide [108] . Although beyond the scope of this review, it has to be mentioned that many studies do not rely solely on classical NMR but combine the investigations with studies of the diffusion behavior of the related metabolites. For instance, parameters such as the association between the protein and an oligosaccharide, the hindrance of the GAG protein complex by the extracellular matrix and a potential dimerization of the protein can be easily investigated. Diffusion can be also conveniently studied by means of NMR using the well-known "pulsed-field gradient" (PFG) method [109] that allows the simultaneous determination of several diffusion coefficients with a single experiment and can be also used under in vivo conditions. For instance, the diffusion of growth factors in model fibrin gels has been investigated [110] . This field has been recently reviewed and the interested reader is referred to [29] .
MS Techniques
Although there was a significant, methodological progress in the development of MS methods, the investigation of sulfated carbohydrates is even nowadays a challenging topic. The most important problems can be summarized as follows:
1.
With the so far available MS methodology, the characterization of native GAG polysaccharides with masses in the hundred kDa range is not possible at all. This is caused by (a) the high mass and the (b) content of charged functional groups (carboxylate and sulfate) that prevent the transition of the intact ions into the gas phase.
2.
Unfortunately, the enzymatic degradation of artificially oversulfated GAG is very difficult [53] . This is one of the most serious problems regarding the analysis of chemically modified GAG.
3.
All GAG exhibit a significant tendency to loose the sulfate residues in the gas phase. This is even nowadays (where many different soft-ionization MS techniques have been successfully developed) a very challenging topic of GAG analysis.
The most widely used MS techniques of GAG characterization are electrospray ionization (ESI) MS and matrixassisted laser desorption and ionization (MALDI) MS [111] . We will focus here on MALDI MS since we are most experienced in this method. For a more comprehensive description of technical aspects of MALDI MS, the excellent textbook by Franz Hillenkamp and Jasna Peter-Katalini is highly recommended for further reading [112] . The most important advantages of MALDI MS are the simple performance, the considerable tolerance of salts and other impurities as well as the high sensitivity [113, 114] .
It is important to note that all MS investigations of GAG are based on previous enzymatic (and to a lower extent chemical) degradation. A coarse survey of the involved steps is given in (Fig. 13) .
The most widely used enzymes to depolymerize native GAG are bacterial or testicular hyaluronidases [115] as well as bacterial chondroitinases, in the majority of cases the ABC type from proteus vulgaris [116] . The latter enzyme digests chondroitin-4-(CS-A), chondroitin-6-(CS-C) as well as dermatan sulfate (CS-B) and has the additional advantage that it exhibits (beside cleavage of the glycosidic linkages) eliminase activity, leading to the introduction of a double bond into the uronic acid residue of the disaccharide (Fig.  13) . The related UV absorption (normally determined at 232 nm) is helpful to quantitatively monitor the generation of the digestion products and, thus, the endpoint of the enzymatic digestion. Although bacterial hyaluronidases do also generate unsaturated products, the application of hyaluronidases is less favorable because oligosaccharide mixtures are obtained. It is a common feature of MS that these oligosaccharides are not detectable with the same sensitivity but smaller oligosaccharides are detected with increased sensitivities [114] . However, it has been recently shown that the conversion of the carboxylic acid into the methyl ester by using trimethylsilyl diazomethane, affords much higher sensitivity and extends thus the molecular weight range [117] .
It should be noted that chemical degradation methods are often used, but have the drawback that they are accompanied by a variety of site reactions, for instance, loss of the Nacetyl chain or the sulfate residues [118] . This complicates the MS characterization of the released oligosaccharides. Another problem is the sulfate loss that occurs upon the ionization process [119] . Many efforts were already made to avoid this unwanted fragmentation, but this process can only be minimized so far, for instance, by using ionic liquid crystalline matrices [120] or the cesium salts of the GAG [121] , but never completely suppressed.
The sulfate loss is unwanted regarding quantitative data, but extremely welcome regarding the capability to differentiate GAG isomers: of course, the 4-and 6-isomers of the CS disaccharide, for instance, have exactly the same mass. Therefore, differentiation is possible only by MS/MS spectra: it has been shown by using MALDI [122] as well ESI [123] that there are helpful peaks ("diagnostic ions") in the MS/MS spectra that enable a clear differentiation of the isomers, i.e. some characteristic fragment ions are exclusively arising from a certain isomer. We have recently used a combination between MS and MS/MS to investigate the de novo generation of DS by skin fibroblasts [124] . Semi-automated approaches of data analysis are also already available [125] .
As the quantitative evaluation of MS/MS spectra is more difficult, separation of the individual isomers prior to MS analysis is normally the method of choice. This separation can be carried out by a variety of methods including HPLC [126] and thin-layer chromatography (TLC) [127] : in particular, the direct combination between MALDI and TLC is currently a hot research topic because this combination can be easily established, no dedicated devices are necessary and gives convincing data with high resolution. This topic has been recently reviewed [128] .
The negative ion MALDI-TOF mass spectra of selected GAG subsequent to enzymatic digestion and investigated directly on a TLC plate are shown in (Fig. 14) .
Nevertheless, there are two problems that complicate the situation: The first problem is coming from the use of high amounts of formic acid that are required to be able to separate GAG on a normal phase TLC plate [129] . Under these conditions, esterification occurs (detectable by the mass shift of 28) and, thus, a certain part of the GAG is not detectable as such but only as the corresponding formyl ester. This is, however, not a major problem because the extent of formylation is very moderate. A second much more serious problem is the loss of the sulfate residue. This does, however, occur under all so far tested MS conditions [130] and is only slightly enhanced if measurements are performed directly on the TLC plate. From our point of view, there are two prime issues that have to be improved in order to make the TLC/MALDI approach routinely applicable: first, normal phase TLC should be replaced by reversed phase TLC because this would prevent the need to use highly polar solvents such as formic acid. Second, it has to be evaluated whether fragmentation of the sulfate residues can be further Fig. (13) . Scheme of the procedure normally used for GAG analysis. The GAG of interest is digested by the enzyme chondroitinase ABC that produces a mixture of unsaturated disaccharides depending on the structure of the GAG. The different disaccharides are subsequently separated -normally by means of HPLC or capillary electrophoresis -and analyzed by MS that enables the mass assignment whereas subsequent MS/MS experiments allow detailed evaluation -particularly of the sulfate positions. Please note that only one isomer of CS is shown although this method can be also applied to more complex GAG. Reprinted with kind permission (from Bentham) and with modification from [53] . Mass Assignment Structure Elucidation minimized. For instance, it has been shown recently that recording positive ion spectra results in reduced fragmentation in comparison to the negative ion spectra [131] .
INTERACTIONS BETWEEN GAG AND MEDIA-TOR PROTEINS AND THEIR BIOLOGICAL CON-SEQUENCES
Biological Relevance of GAG-Mediator Protein Interactions
As already described (vide supra) GAG represent (as abundant constituents of the proteoglycans) a prominent part of the native ECM in many tissues. Therefore, analyzing interaction profiles of native ECM components with cells is important and their direct and indirect interactions are to be separately considered. Here, direct interactions describe the interaction of cell surface receptors such as integrins with usually insoluble and, thus, stationary components of the ECM. However, a few cell surface receptors such as the major cell surface receptor CD44 directly interact with GAG, most specifically with HA. This interaction plays an important role in inflammation [132] , cancer biology [133] , and hepatitis C [134] . Additionally, Yang et al. [135] showed that the interaction with native high molecular weight hyaluronan selectively induces CD44 clustering, which can be inhibited by oligosaccharides of HA. For CD44 transfected COS-7 cells the authors found that hyaluronan oligosaccharides promoted cell adhesion while high molecular weight hyaluronan had no effect. Direct binding to heparin and heparan sulfate has also been shown for the natural cytotoxicity receptors 2 and 3 [136] .
Indirect interactions include interactions between two different components of the ECM, directly influencing the biological profile of at least one of the interacting partners [137] . The focus of this review is at the indirect interactions between mediator proteins (used here as general term for growth factors, interleukins, and other chemokines) and GAG. The investigated GAG may be either constituents of the PG of the native ECM or components of an artificial matrix (aECM).
Such specific interactions and their essential roles for biological processes have been reported for many important mediator proteins, such as IL-1, -3, -6, -11, PDGF, FGF, VEGF, HB-EGF which interact with different specificities with GAG [138] [139] [140] [141] [142] [143] . Initial approaches to study and describe the interactions between growth factors and native GAG date back to about 1990 when Vlodavsky et al. [144] and Iozzo [145] investigated the interactions of FGF and different TGF-isoforms with specific sequences of HS. It could also be shown that many BMP are biologically active only in the intimate close to their secretion which has been explained by characteristic HS molecules at the cell surface [146, 147] .
Consequently, the interaction of mediator molecules with GAG as a part of the native ECM may result in (i) accumulation of mediators in defined volumes allowing the formation of chemotactic gradients [147] , (ii) conformational changes resulting in activation and/or dimerization [141] , and (iii) protection against (proteolytic) degradation [140] . Likewise, the stimulation of tissue healing processes can potentially be induced by binding/accumulation of native growth factors, released in the healing zone and their factor-specific activation/inactivation and protection against degradation by using aECM as promising components of biomaterials [148] . In such cases the aECM would be needed to bind a broad variety of mediators with varying and defined specificities [137] . Owing to their lower immunogenic potential compared to PG, the sole use of GAG as a part of aECM for designing defined interactions with mediator molecules is of high interest in developing new biomaterials. However it has to be taken into consideration that the binding specificity of the GAG moiety of PG may be significantly influenced by the Fig. (14) . Negative ion MALDI-TOF mass spectra of selected oligosaccharides obtained by enzymatic digestion of HA-4 (upper spectrum) and the unsaturated disaccharide of chondroitin sulfate (lower spectrum). Mass spectra were recorded directly from the TLC plate (shown at the left). The molecular structures and the m/z ratios are provided along with the mass spectra. Please note that "+CO" indicates the formation of the formyl ester because the separation of the carbohydrates was performed in the presence of formic acid. Dextran 1500 as well as HA-6 are only shown for comparative purposes on the TLC plate (left) but no mass spectra of these compounds are provided. Reprinted with modification and with permission (from Elsevier) from [127] . protein backbone of PG, as already shown by Herndon et al. [149] . Second, having GAG as an immobilized part of aECM, the release of GAG from aECM could be of interest in controlling healing processes. Thus, biomaterials able to release GAG either solely or complexed with mediator molecules can be regarded as a promising approach to tailor the biological activity profiles of mediator molecules and thereby influencing healing processes [146] .
Experimental Approaches to Analyze GAG-Mediator Protein Interactions
Experimental approaches to study interactions between GAG-derivatives and mediator proteins are currently intensively studied but differ substantially in their complexity and outcome [142] . In general, techniques should be preferred that allow to mimic the native situation in the ECM, i.e. the GAG should be immobilized as a part of a stationary phase and the mediator should be dissolved in an aqueous system. Approaches capable of realizing this arrangement differ in the readout which usually requires a fluorescence labeling of the mediator in the case of GAG arrays. Immunochemical approaches such as direct or sandwich ELISA or BIOLISA show the advantages of (i) the readout system allows for the use of native mediators and (ii) using BIOLISA gives information about receptor binding properties of mediators interacting with GAG derivatives [150] . This is, however, associated with the disadvantage of producing semi-quantitative results only, which allow for a coarse ranking of binding properties only. Regarding screening of GAG-libraries two approaches are currently available: GAG arrays [151, 152] and surface plasmon resonance (SPR) [52, 153] . Unlike above mentioned limitations of GAG arrays, SPR uses immobilized mediators and allows the achieving of quantitative results.
Thus, detailed investigations of GAG/mediator interactions call for beneficial combinations of analytical approaches with advantageous combinations (i) starting with screening approaches (e.g. GAG arrays, SPR), (ii) followed by the generation of quantitative thermodynamic and kinetic data for systems close to the in vivo situation (e.g. SPR with immobilized GAG), (iii) techniques to analyze the biological availability of mediators bound to GAG (e.g. immunochemical approaches, SPR with immobilized receptors), and (iv) analyzing molecular details of the interactions (e.g. NMR) [97, 142] .
Major Factors Determining Interaction Profiles
The interaction between GAG and proteins is mainly driven by electrostatic interactions between the negatively charged sulfate-and carboxylate groups of the GAG with positively charged amino acids (AA) of the proteins of interest. A minimum binding sequence of five amino acids is normally discussed to be necessary to allow specific binding [154] . Consequently, most of the mediator proteins interacting with GAG in vivo show IEP in the basic region and/or have at least one sequence of basic AA such as in BMP or IL-8 [155] . Regarding BMP, this aggregation has been shown to be located outside the receptor binding domain, so that binding to GAG does not disturb the interactions with the receptors [156] . Likewise, acidic proteins are also able to interact with GAG sequences (i.e. aFGF). However, this interaction is not realized by a sequence of basic AA but by a few positively charged AA, distributed among non-basic AA in a specific pattern. In these GAG-binding sections of the protein, the distances between the basic AA are arranged in a way that allows optimum interaction with the charged groups of GAG.
In general, the interactions between GAG and mediator proteins are influenced by a number of parameters namely (i) the chain length of the GAG, and (ii) the position (O-or Nlinkage) of the sulfate groups as well as their number and arrangement in the binding region [146, 157, 158] . Additionally, the type and flexibility of the GAG-backbone [159] influences the orientations of the functional groups of the GAG. Thus, the resulting specificity of the interactions allows specific binding profiles of the GAG with selected mediators [160] .
Details of the interactions of GAG with mediators have so far been mostly studied for native GAG with a focus on HS [161] . Although it seems that there are no particular heparin/HS sequences that bind to specific proteins [162] the varying patterns of HS in vivo are sufficient to induce the accumulation of different growth factors in specific tissues. For various FGF/FGF-receptor complexes [163] it is likely that this accumulation is realized by a combination of uncommon and common HS sequences together with a specific arrangement of sulfated and "mixed" regions along the HS chain [164] . A more detailed analysis by Mulloy and Forster [165] , however, resulted in the conclusion, that for specificity issues regarding the FGF/HS interaction the three dimensional pattern of the binding motifs have to be considered.
Coombe [166] has reviewed the biological effects of the interactions between GAG and two groups of haemopoietic cytokines in detail. For both, short-chain four -helical bundle cytokines (with the members granulocyte-macrophage colony-stimulating factor (GM-CSF), IL-2, -3, -4, -5, and -13) and long-chain four -helical bundle cytokines (with the members granulocyte colony-stimulating factor (G-CSF) and IL-6) GAG binding is not a consistent feature. Also, the binding site of the cytokines is not conserved. Therefore, the biological outcome of the GAG cytokine interactions depends strongly on the location of the binding site: the observed effects range from blocking the signaling pathways to facilitated binding to the respective receptors.
The influence of the degree of sulfation on the binding affinity between GAG and proteins brings to a key point of this review. This aspect has already been studied in first experiments using GAG oligomers in 1995 [167] , although these interactions are still far from being fully understood. The same is true for the influence of the sulfation pattern, the presence and distribution pattern of other functional groups than sulfate, e.g. hydrophobic groups, and the conformational flexibility of the GAG backbone [168] .
Only a few combinations of GAG derivatives and mediators have been so far characterized in detail, in particular regarding the analysis of the interactions of mediator proteins with chemically sulfated GAG derivatives. Thus, the next chapter can only provide an incomplete picture of the basic interaction profiles and the related biological effects.
Immunobiochemical and Biophysical Analysis
SPR studies by Theoleyre et al. [169] showed upon a preincubation of the protein with different GAG (HE, HS from different sources, CS, DS) a dose-and GAG-specific inhibition of the Osteoprotegerin (OPG, a decoy receptor for receptor activator of nuclear factor B ligand (RANKL)) binding to an immobilized RANK-RANKL complex. Under comparable conditions, highest inhibition was measured for DS (~80%) and lowest for HE (~50%). Partial desulfation of HE reduced the inhibitory effects only by about 10% independent of the desulfation position. However, complete desulfation resulted in a total loss of inhibition. The inhibitory effect of GAG decasaccharides was almost comparable with that of the polymeric GAG, while octa-and hexasaccharides, reduced inhibition to about 90% and 30%, respectively. The tetrasaccharide exhibited almost no inhibitory effect [169] , which is contrary to results obtained Pichert et al. [107] : in these experiments a CS/DS tetrasaccharide was already sufficient to achieve specific binding to IL-8.
Hintze et al. [52, 150] studied the interactions of the mediator proteins BMP-4 and TGF-with HA derivatives differing in the ds and the type of substituents using a combination between SPR and immunobiochemical methods. HS and CS were used as controls. These authors observed an excellent correlation between the SPR results for immobilized growth factors and immobilized GAG and the results from the immunobiochemical experiments. Thus, this approach was suggested as a reliable method of screening GAG interactions with immobilized BMP-4. The affinity data (about 0.016 nM and 9.4 nM for chemically sulfated HA derivatives with ds of 2.8 and 1.0, respectively) confirmed the above mentioned strong effects of the sulfate groups to induce interactions of GAG with growth factors. Regarding HS and CS, the K D values are only in the range of M and, thus, indicate much weaker interactions. Using TGF-the authors [52, 150] observed significantly higher affinities for HAderivatives in comparison to CS derivatives with comparable sulfation degrees and this is illustrated in (Fig. 15) .
Additionally, the binding strength was significantly reduced by carboxymethylation with a degree of substitution of 0.4. This reduced the binding level of high sulfated HA derivatives (ds = 3.0) to that of low sulfated HA (ds = 1.0). HE was found to be comparable with CS with a ds of 3.0. Similar to the SPR screening approach used by Hintze et al. [52] , Merceron et al. [153] studied the interactions of BMP-2, VEGF IGF-1 and TGF-1 with two differently sulfated bacterial exopolysaccharides [170] . Whereas IGF-1 showed only low affinities to both GAG, TGF-1 bound with a K D of 34.5 nM and 0.55 nM to the low and high sulfated GAG, respectively. K D of 1.67 nM and 0.593 nM were reported for the interaction of the high sulfated GAG with BMP-2 and VEGF, respectively. In contrast, HE showed only low affinity to all investigated mediator proteins.
It is obvious that the combination of different methods provides the deepest insights. For instance, Pichert et al. [107] used a combination of techniques such as fluorescence spectroscopy, NMR, and molecular modeling to investigate interactions of IL-8 with selected GAG derivatives such as hyaluronan, dermatan sulfate, chondroitin-4-sulfate, and chondroitin-6-sulfate.
The authors discerned a distinct and common binding pose of IL-8 for all analyzed GAG (cf. Fig. 16 ), independent on their backbone, sulfation patterns, and size. This observed binding pose is in agreement with previously proposed binding modes for HE on IL-8. However, the results indicate (i) that the sulfation pattern determines the strength of binding and (ii) that an increase in GAG sulfation improves binding. The results also indicate that the GAG glycosidic linkage conformations do not change significantly upon IL-8 binding compared with free GAGs. Fig. (15) . Ranking of binding levels for the interaction of different GAG derivatives with TGF-1 by SPR analysis at 37° C corrected for the respective molecular weights of the derivatives. The growth factor was immobilized on the sensor chip surface. Hya-LMW, low molecular weight hyaluronan; sHya1, hyaluronan sulfate with ds = 1; sCS3, chondroitin sulfate with ds = 3; sHya3-21, hyaluronan sulfate with ds = 3 and a molecular weight of about 21 kDa; scmhya3, hyaluronan sulfate with ds = 3 and an additional degree of carboxymethylation of 0.4. Significant differences with p < 0.05 were found for groups (a) and (b) as well as for (c) GAG compared with sHya1 and (d) with Hya-LMW and CS, respectively (Reprinted from Acta Biomaterialia [150] with kind permission from Elsevier).
Cell Biological Investigations
Miyazaki et al. [171] and Pothacharoen et al. [172] compared the effects of different types of CS on osteoblastic cell lines. Whereas oversulfated CS enhanced proliferation, collagen deposition, alkaline phosphatase activity, and mineralization of MC3T3-C1 cells, low sulfated CS variants enhanced only the mineralization. HE (that was used as a reference compound) enhanced only ALP activity and mineralization [171] . From experiments with culture media supplemented with BMP-4, they concluded that oversulfated CS derivates containing at least octasaccharides with a 4,6-disulfated GalNAc unit are necessary to enable binding to BMP-4. This was confirmed by fluorescence correlation spectroscopy (FCS) measurements which indicated high affinity for BMP-4 only for oversulfated CS. Similarly Pothacharoen et al. [172] found strongest effects of oversulfated fractions of CS (ds = 2) from deer tip on the osteogenic differentiation of hFOB1.19 cells.
The effect of the sulfation degree of GAG on the cellular behavior has been studied in more detail by Peschel et al. [173] for cellulose sulfates ranging from 0.3 to 2. These derivatives strongly promoted FGF-2 induced proliferation in a manner positively related to the overall sulfate contents but no effects of the positions of the sulfate groups could be monitored. Cellulose derivatives containing carboxylic (degree of substitution up to 0.67) or carboxymethyl groups (degree of substitution up to 1.47) did not result in any significant effects in these cell culture experiments. The effect of the sulfation degree is in agreement with findings of Merceron et al. [153] on the upregulation of the TGF-1 dependent stem cell chondrogenesis as a function of the sulfation status of two differently sulfated bacterial exopolysaccharides.
The effects of HA and CS derivatives investigated already by Hintze et al. [52, 150] were also tested towards their effects on selected cell types. Using the derivatives as additives to the cell culture media, Büttner et al. [174] observed that oversulfated CS increased tissue non-specific alkaline phosphatase activity and calcium deposition of hMSC, whereas collagen synthesis was slightly decreased. At the same time, the GAG derivatives inhibited BMP-2 thereby inducing TNAP activity. This indicates that the osteogenic differentiation signaling pathway I is independent of BMP-2. Similar effects for the stimulation of the osteogenic differentiation of hMSC (induced by oversulfated GAG derivatives being part of aECM prepared by in vitro fibrillogenesis of collagen type I in the presence of GAG) have been reported by Hempel et al. [175] and Hess et al. [176] . Hempel et al. [175] found an improved osteogenic differentiation in the presence of aECM containing sulfated HA derivatives. It is remarkable that the observed effects were independent of the ds indicating the importance of the primary (C-6) hydroxyl group of N-acetylglucosamine. Similarly, Hess et al. [176] reported synergistic effects of these aECM and pulsed electric fields on the osteogenic differentiation.
In the context of dermal wound healing, van der Smissen et al. [6] analyzed the effects of aECM containing sulfated GAG derivatives on initial adhesion, proliferation, ECM synthesis and differentiation of human dermal fibroblasts (dFb).
Whereas initial adhesion and cell proliferation of dFb positively correlated with the degree of sulfation of the used GAG, de novo synthesis of ECM components was diminished using aECM with oversulfated GAG-derivatives: the effects of HA derivatives were even more pronounced as compared to CS derivatives with ds = 3.0. These authors concluded that aECM containing oversulfated GAG were able to induce a "proliferative phenotype" of dFb found in the early stages of cutaneous wound healing [6] .
Regarding the inhibition of the osteoclastic differentiation of RAW264.7 cells induced by GAG derivatives as part of aECM, the degree of sulfation rather than the molecular backbone (glucosamine vs galactosamine) was found to represent the key factor. Maximum effects were obtained with a ds of 3.0. This resulted in a significantly stronger inhibition as compared to HA, native CS, CS with a ds of 2.1 and collagen [177] . Similar effects were also observed for the osteoclastic resorption activity [177] .
Using dendritic cells (DC) Franz et al. [178] proved immunomodulating effects of aECM coatings with oversulfated GAG derivatives and this is illustrated in (Fig. 17) .
While collagen alone provoked a maturation of DC, aECM attenuated this process and diminished even DC maturation induced by LPS. In both cases, i.e. using CS and HA derivatives, the degree of sulfation correlates positively with the anti-inflammatory effects which are probably associated with NF B.
Animal Experimental Results
Very little is known about animal experiments where the effects of GAG differing in their backbone as well as their ds on healing processes regarding the regeneration of bone were compared. Thus, the comparison of different animal experimental models to analyze the influence of oversulfated GAG on healing processes is so far impossible. Stadlinger et al. [179] studied the effects of aECM from collagen type I with either two different concentrations of CS or two differentially sulfated HA derivatives (ds 0.3 and 2.9) as coatings on model dental implants in the maxilla of minipigs. In agreement with earlier investigations performed by the same group [180] [181] [182] [183] implants coated with aECM containing only a moderate CS concentration of 3% resulted in significant increase in the bone implant contact (BIC) for shorter healing times. Neither aECM with a threefold higher concentration of CS nor differentially sulfated HA (ds 0.3, content 3%; ds 2.9, content 5%) gave comparable effects. This indicates that the binding profile of aECM plays an important role in wound healing processes. However, more detailed investigations are obviously needed in order to obtain further insights into this interesting but very complex matter.
SUMMARY AND OUTLOOK
This review was aimed to provide a survey about suitable chemical methods to generate chemically modified GAG, suitable approaches to analyze the obtained GAG derivatives and the discussion of the interactions between oversulfated GAG and proteins with significant in vivo relevance. Finally, the effects of oversulfated GAG on selected cells were discussed and the in vivo relevance of these data considered.
Hopefully, these authors were able to show that chemically modified, oversulfated GAG derivatives exhibit a multitude of interesting effects and are, thus, not only of interest in basic sciences but as well in regenerative medicine. Although the chemical modification of GAG is still a challenging task due to the need of regioselective reactions and retention of the original molecular weight, these problems can be expected to be overcome soon and defined GAG with highly defined sulfation patterns will become available. Nevertheless, it has to be mentioned that the characterization of these compounds is extremely important -in particular if the biological effects are of interest. Poorly characterized materials may be one reason why inconsistent data of the related biological effects are reported. This particularly concerns the contents of certain chemicals (such as precipitating agents or organic solvents) and unwanted GAG as impurities.
The creation of artificially modified extracellular matrices is a fundamental tool in regenerative medicine to improve wound healing and immunological safety of graft materials. Thus, it is highly important to know how these materials interact with cytokines and immune cells. Although many details of the interplay between selected GAG and proteins are already well known, we are far from understanding these interactions under in vivo conditions. Therefore, further efforts regarding animal experiments are strongly needed to pave the way for potential future medical applications of GAG derivatives.
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ABBREVIATIONS AND ACRONYMS
9-AA = 9-Aminoacridine AA = Amino Acid 
